Introduction
The vast number of dithiocarbamate complexes reported for the d-block elements 1 confirms the versatility of this ligand, allowing it to accommodate the varied requirements of the metals involved. In particular, the extensive metal-centered electrochemistry of dithiocarbamate complexes 2 and the ability to stabilize a range of oxidation states are important features in their applications, which encompass materials science, medicine and agriculture. 1 In the solid state, dithiocarbamate complexes of gold often display short gold-gold inter-or intramolecular contacts. The presence of such interactions between formally closed-shell gold(I)
centers has led to a great deal of interest in polymetallic assemblies of monovalent gold. This phenomenon of 'aurophilicity' 3 is attributed to correlation effects and electrostatic contributions. 4 Of all the donor types employed in the construction of these compounds, sulfur and phosphorus species are the most common and their compounds have found use in fields as diverse as medicine, electronics and the decoration of ceramics. 5 Dithiocarbamate and other sulfur-donor ligands have been reviewed in a number of contexts. 1, 6, 7 The bonding modes adopted by gold(I) with dithiocarbamates can often vary despite the limitations created by the inherent preference for a linear coordination geometry. 1, 6, 7 As a result monodentate coordination is common and an asymmetric anisobidentate mode (A, Scheme 1) is not unusual. 8 This is found to be the case in monomeric gold(I) phosphine complexes with dithiocarbamates where the two gold-sulfur distances differ significantly. Another commonly observed mode is that in which each sulfur atom bonds to a single gold atom. The short Au-Au distance in such compounds constitutes a stabilizing metal-metal interaction. 3c Both dppm and dppf often coordinate in this fashion and the (dppm)Au 2 unit is known to coordinate to dithiocarbamates in this mode (B, Scheme 1). A crystallographic study of the compound [Au 2 (S 2 CNEt 2 ) 2 ] (C, Scheme 1) has shown the intramolecular Au-Au distance to be 2.78 Å, 9 which is considerably shorter than the metal-metal distance of 2.88 Å in gold metal. 10 As with much chemistry of monovalent gold, phosphine co-4 ligands have been used extensively in dithiocarbamate complexes. 1, 6, 7 In particular, bidentate and monodentate modes have been investigated in complexes based on polyphosphine backbones. 16 This species can be used to coordinate to a first metal centre, while retaining the potential to bond to a second on deprotonation and functionalisation with CS 2 . A general strategy for the synthesis of multimetallic complexes is being developed using this method. 16 Here we wish to report the application of this approach to the construction of homo-and heteronuclear compounds based on gold in its most common oxidation states.
Results and Discussion

Gold complexes
A number of symmetrical bimetallic transition metal complexes has been prepared using the (1:1) solution of 3 and the structure determined (Fig. 1) . The hexametallic compound has S-C-S bond angles of 123.9(5)° and 124.6(5)°, the smallest of which is significantly smaller than those of 125.0 (7) 10 and indicate a significant metal-metal interaction. 3 The view along the gold-gold interactions reveals a "crossed swords" arrangement of the P-Au-S linkages, which is a common feature in previously reported gold(I) complexes. 22 It has been noted that the flexibility afforded by the Cp rings in the dppf ligand permits subtly different structures to be formed compared to other diphosphine digold units. reduced by sodium borohydride in the presence of the phase transfer agent, n-tetraoctylammonium bromide (Scheme 4). with NaBH 4 in the presence of trisodium citrate. 29 The citrate surface species can then be displaced by thiols or, in our modification, the zwitterion [Ru(S 2 CNC 4 H 8 NCS 2 )(dppm) 2 ]. This yielded blue nanoparticles (NP2), which were shown by TEM to be of larger diameter (14.4  2.5 nm) than NP1 (Fig. 2) . Both NP1 and NP2 were analyzed by UV-Vis spectroscopy and found to display absorptions with  max = 265, 333 nm. These bands are also observed in [Ru(S 2 CNC 4 H 8 NH 2 )(dppm) 2 ](BF 4 ) 2 16b and were assigned to LMCT behavior. Surface plasmon resonance bands (SPR) at around 520 nm are often observed for nanoparticles with sizes in the range 2 -20 nm, however, the bands attributed to SPR were observed at 574 and 683 nm for NP1
Functionalisation of gold nanoparticles
and NP2, respectively. Reports have found that the value of the SPR band can depend on interparticle interactions, surface charge and the solvent system used. For example, in chloroform solution, the SPR band is often observed to be shifted away from the typical value. 30 From the diameter of the gold nanoparticles determined by TEM measurements, the approximate number of gold atoms in NP1 was calculated to be around 1600 with 550 at the surface. This contrasts with the substantially greater surface area of NP2 (11000 surface atoms with 145000 core gold atoms). The surface area will be an important variable in the application of nanoparticle materials in applications such as sensing and catalysis. In preliminary work aimed at the latter application, it was discovered that the nanoparticles display well-behaved, reversible electrochemistry with a Ru(II)/ rise to a positive dendritic effect leading to much greater shifts in the CV trace from interactions with anions than found using unbound species in solution. The anions can be washed from the electrode modified with the nanoparticles and the system re-used.
Fig. 2. TEM images of nanoparticles NP1 (left), NP2 (center) and NP3 (right).
In order to further explore the potential for surface modification of these materials, a mixed surface topology was introduced. This was achieved by treatment of the TOAB-stabilized nanoparticles with equimolar quantities of 1-dodecanethiol and the metala-dithiocarbamate [Ru(S 2 CNC 4 H 8 NCS 2 )(dppm) 2 ] using a method pioneered by Astruc and co-workers for mixtures of thiols. 32 Unlike materials NP1 and NP2, the nanoparticles (NP3) obtained from the thiol / metaladithiocarbamate mixture proved to be insoluble in all common laboratory solvents. As a result, analysis was limited to EDX, solid state IR spectroscopy and TEM. After repeated washing with dichloromethane, water and methanol to remove species not attached to the surface, NP3 showed the presence of Au, Ru, S and P (EDX), while a (CS) stretch characteristic of a coordinated dithiocarbamate ligand (999 cm -1 ) was evident in the solid state infrared spectrum (KBr disc) along with similar bands to those observed in a spectrum of the free thiol (measured as a thin film).
However, the TEM images showed agglomerated nanoparticles rather than discrete units (Fig. 2) and the insolubility of the material is probably connected to the interparticle interactions. The origin of this aggregation is difficult to determine unambiguously but could be due to an absence of electrostatic repulsion in the areas covered by thiols rather than cationic metal units. The average diameter of these nanoparticles NP3 was found to be approximately 3 nm. Such agglomeration is similar to that observed in TEM images of nanoparticles linked by 1,4-cyclohexanebis(dithiocarbamate) and 1,4-phenylene-bis(dithiocarbamate). 12a Direct synthesis of nanoparticles from molecular precursors in a 'one pot' procedure was also explored using the precedent of Nakamoto and co-workers, 33 The reaction was stirred for 2 hours in the dark and then all solvent removed. Acetone (50 mL) was added to dissolve the crude product and the solution filtered through diatomaceous earth (Celite) to remove NaCl and excess NaBF 4 . All solvent was again removed and the residue triturated in diethyl ether (30 mL) to give a bright yellow product, which was washed with diethyl ether (10 mL (6) [Ru(S 2 CNC 4 H 8 NH 2 )(dppm) 2 ](BF 4 ) 2 (100 mg, 0.083 mmol) was dissolved in a mixture of chloroform (10 mL) and methanol (10 mL), treated with NEt 3 (5 drops, excess) and stirred for 5 mins. Carbon disulfide (4 drops, excess) was added and the reaction stirred for 5 mins.
Synthesis of [{(Ph
Tetrachloroauric acid (14 mg, 0.041 mmol) was added as a solution in methanol (7 mL) causing a color change from yellow to brown. The reaction was stirred for 3 hrs. All solvent was removed and the residue was taken up in a minimum amount of chloroform and filtered through diatomaceous earth (Celite). Ethanol (30 mL) was added and the brown product precipitated under reduced pressure. This was washed with ethanol (10 mL), hexane (10 mL) and dried. Yield: 69 mg (63 %). 
Synthesis of NP1
An aqueous solution (7 mL mins. An aqueous solution (15 mL) of NaBH 4 (116 mg, 3.07 mmol) was added dropwise over 10 mins to the stirred solution at 4°C, causing a color change from orange to dark brown. The solution was stirred for a further 2 hrs with the temperature below 10°C. The organic layer was isolated and washed with water (3 x 5 mL) and then concentrated (~ 5 mL) under reduced pressure. Water was added to precipitate the dark brown product and the mixture stored at -18°C for 18 hrs. The supernatant liquid was decanted and the product washed with water (5 x 10 mL), warm ethanol (3 x 10 mL) and dried. hrs, and the blue precipitate collected by filtration and washed with water (5 x 10 mL), warm ethanol (3 x 10 mL) and air dried.
Synthesis of NP2
Synthesis of NP3
A [Ru(S 2 CNC 4 H 8 NH 2 )(dppm) 2 ](BF 4 ) 2 (132 mg, 0.109 mmol) was dissolved in dichloromethane (10 mL) and treated with NEt 3 (3 drops, excess) followed by a 5 min. stir and carbon disulfide (2 drops, excess) added, followed by another 5 min. stir. This yellow solution was added to the organic layer together with dodecanethiol (22 mg, 0.109 mmol). An aqueous solution (10 mL) of NaBH 4 (91 mg, 2.408 mmol) was slowly added dropwise to the stirred reaction mixture over 10 mins. The burgundy solution became a dark black mixture which was left to stir for 3 hours. Chloroform (100 mL) was added and the organic (lower) layer was collected and the mixture stored at -18°C for 12
hours. The supernatant was decanted off and chloroform (20 mL) was added to remove excess thiol and the mixture was stored for a further 12 hours at -18°C. The supernatant was decanted off and the black solid collected by filtration, washed with dichloromethane (50 mL), water (50 mL) and methanol (50 mL) and dried.
Crystallography
Crystals of 3 were grown by slow diffusion of diethyl ether vapor onto an acetonitrile/methanol (1:1) solution of the complex. Single crystal X-ray data were collected using graphite monochromated Mo-K radiation ( = 0.71073 Å) on an Enraf-Nonius KappaCCD diffractometer. The diffractometer was equipped with a Cryostream N 2 open-flow cooling device, 36 and the data were collected at 150(2) K. Series of -scans and -scans were performed in such a way as to cover a sphere of data to a maximum resolution between 0.70 and 0.77 Å. Cell parameters and intensity data for 3 were processed using the DENZO-SMN package 37 and the structure was solved by direct methods and refined by full-matrix least-squares on F 2 using SHELXTL software.
38
Intensities were corrected for absorption effects by the multi-scan method based on multiple scans of identical and Laue equivalent reflections (using the SORTAV software). 39 Where possible non-hydrogen atoms were refined with anisotropic displacement parameters and the hydrogen atoms were positioned geometrically and refined using a riding model. In the case of the disordered hexafluorophosphate anion, and the partially occupied ether solvent molecule, anisotropic refinement was not possible, so they were modeled with isotropic displacement parameters. Refinement of the Flack x parameter 40 gave a value of -0.002(4) (given 8531 Friedel equivalent reflections). Crystal data and structure refinement parameters are included in Table 1 .
Crystallographic data (excluding structure factors) for the structure of 3 has been deposited with the 2 . Such symmetrization behavior has also been observed by us in some palladium and platinum compounds. 22 It was not initially clear that the complex formed was the same as that reported earlier 18 so single crystals of the product were grown from slow diffusion of ethanol into a dichloromethane solution of the complex.
The crystal structure obtained from the symmetrisation of showed a similar cyclic Au 16 structure.
However, in contrast to that reported previously, the structure was not found to be chiral and is a polymorph (Fig. B) . 
